Interferon-induced transmembrane protein 1 (IFITM1) is a member of the IFITM family that is associated with some acute-phase cytokine-stimulated response. Recently, we demonstrated that IFITM1 was significantly upregulated in the injured spinal cords at the mRNA level. However, its expression and cellular localization at the protein level is still unclear. Here, a rat model of spinal cord injury (SCI) was performed to investigate the spatio-temporal expression of IFITM1 after SCI. IFITM1 mRNA and protein were assessed by quantitative reverse transcription-PCR and western blot, respectively. IHC was used to identify its cellular localization. We revealed that IFITM1 could be found in sham-opened spinal cords and gradually increased after SCI. It reached peak at 7 and 14 days postinjury (dpi) and still maintained at a relatively higher level at 28 dpi. IHC showed that IFITM1 expressed in GFAP + and APC + cells in sham-opened spinal cords. After SCI, in addition to the above-mentioned cells, it could also be found in CD45 + and CD68 + cells, and its expression in CD45 + , CD68 + , and GFAP + cells was increased significantly. These results demonstrate that IFITM1 is mainly expressed in astrocytes and oligodendroglia in normal spinal cords, and could rapidly increase in infiltrated leukocytes, activated microglia, and astrocytes after SCI. (J Histochem Cytochem 66:175-187, 2018) 
Introduction
Spinal cord injury (SCI) is damage to the spinal cord that results in devastating loss of motor and sensory functions. In the United States, it is reported that ~300,000 people are living with SCI, and nearly 12,000 new patients are diagnosed annually. 1 In China, the incidence of traumatic SCI is approximately 60,000 per year. 2 Although there are some advances in surgical techniques of the spinal cord, there still are no effective treatments for this devastating neurological disorder. 3 Therefore, it is very important to further understand the molecular mechanisms of SCI.
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Recently, we demonstrated that interferon-induced transmembrane protein 1 (IFITM1) was significantly upregulated in injured spinal cords at the mRNA level by using RNA-sequencing. 4 IFITM1, also known as Leu 13, 9-27 or interferon (IFN) inducible protein 17, is associated with the transduction of homotypic adhesion and antiproliferative signals in lymphocytes. 5, 6 It is required for the progression of cancers by enhancing their proliferation, migration, and invasion. [7] [8] [9] [10] It is also involved in the physiological process of primordial germ cell development. 11, 12 Some studies reported that IFITM1 is expressed in a variety of tissues and cells, and its expression level can be significantly increased by stimulation of IFNs and some acutephase cytokines. 13, 14 However, its spatio-temporal expression at the protein level in injured spinal cords is still unclear. In this study, we performed an SCI model in adult Sprague-Dawley rats and investigated the expression pattern of IFITM1. Quantitative reverse transcription q(RT)-PCR and western blot were used to assess its expression at the mRNA and protein level, respectively. IHC analysis was used to identify which cell types are expressing this protein. 
Materials and Methods
Animals
Contusive SCI
Contusive SCI was performed using a New York University Impactor as previously described. 15 Briefly, rats were anesthetized with pentobarbital (50 mg/kg, intraperitoneal) and received a laminectomy at T9 vertebra. To make the contusive injury, the T7 and T11 vertebrae were clamped to stabilize the spine, and the exposed dorsal surface of the cord was subjected to a weight drop injury using a 10 g rod (2.5 mm diameter) dropped at a height of 25 mm. Sham-operated (sham) rats only received a laminectomy without contusive injury. After surgery, muscles and skin were closed in layers, and rats were placed in a temperature-and humidity-controlled chamber. The analgesic agent, buprenorphine (0.05 mg/kg, SQ; Reckitt Benckise; Hull, England) was used every 12 hr for 3 consecutive days. Manual bladder emptying was performed 3 times daily until reflex bladder emptying was established. To prevent infections, animals were daily provided with chloramphenicol (~50-75 mg/kg) via drinking water.
RNA Extraction and Real-Time RT-PCR
Immediately after euthanasia with an overdose of sodium pentobarbital (80 mg/kg, intraperitoneal), the rats were perfused with 200 ml saline. The spinal cords (1 cm spinal cord segment) of sham, and the spinal cords (1 cm spinal cord segment containing the injury epicenter) of acute (1 and 3 dpi), subacute (7 and 14 dpi), and chronic phases (28 dpi) were harvested (n=6 in every group). The total RNA from the spinal cords was extracted using TRIzol reagent (Invitrogen; New Jersey, NJ) according to the manufacturer's instructions. RNA was reverse transcribed into cDNA using a reverse transcription system (Promega; Madison, WI). Real-time PCR was performed on an ABI 7900 PCR detection system (Applied Biosystems; Foster City, CA) using a SYBR Green PCR Master Mix (Applied Biosystems). Parallel amplification of the β-actin housekeeping gene was used to normalize gene expression. The primer sequences were IFITM1 forward primer 5′-TCGGACCAAGCCTGTATCCT-3′; IFITM1 reverse primer 5′-GATTGTGGTGGTTGTCGCAG-3′; β-actin forward primer 5′-AAGTCCCTCACCCTCCCAAAAG-3′; and β-actin reverse primer 5′-AAGCAATGCTGTC ACCTTCCC-3′. The relative expression level of target mRNAs was calculated using the ΔΔ Ct method 16 and expressed relative to the value in the vehicle group (designated as 1).
Western Blot Analysis
Immediately after euthanasia with an overdose of sodium pentobarbital (80 mg/kg, intraperitoneal), the rats were perfused with 200 ml saline. The spinal cord segment (T8-T10) was dissected for detecting the expression of IFITM1 in sham and injured spinal cord. The spinal cords were homogenized in a lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 4 μg/ml leupeptin, 1 μg/ml aprotinin, and 100 μg/ml PMSF (all from Sigma). The supernatant was clarified by centrifugation at 16,000 g for 10 min at 4C. The protein concentrations of the lysates were determined using a bicinchoninic acid (BCA) Protein Assay kit (Pierce; Rockford, IL). For western blotting, supernatants were diluted in sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM Dithiothreitol (DTT), and 0.1% bromophenol blue) and boiled for 5 min. Equal amounts of protein (20 μg) were resolved on 8% SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore; Bedford, MA). The membranes were blocked at room temperature for 1 hr in 5% (w/v) dry skim milk in TBS plus 0.1% Tween-20 (TBST), rinsed in TBST and incubated with primary antibodies at 4C overnight. Primary antibodies used were rabbit anti-beta-actin (1:2000, cat no. BL005B, Biosharp; China) and rabbit anti-IFITM1 (1:500, cat no. 251403; ABBIOTEC; San Diego, CA). After being rinsed with TBST, the membranes were incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (KPL; Gaithersburg, MD) for 1 hr at room temperature. To visualize the immunoreactive proteins, the enhanced chemiluminescence (ECL) kit (Pierce) was used following the manufacturer's instructions. Films were digitized and densitometry was performed using GelPro analyzer (Media Cybernetics; Silver Spring, MD).
IHC
After the indicated time periods postinjury, animals were euthanized with an overdose of sodium pentobarbital (nembutal; 80 mg/kg, interperitoneal) and perfused with 200 ml physiological saline followed by fixation with 300 ml ice-cold 4% paraformaldehyde (PFA) in 0.01 M PBS (pH 7.4). After perfusion, a 1 cm spinal cord segment containing the injury epicenter was removed, postfixed overnight in 4% PFA in 0.01 M PBS (pH 7.4), and transferred to 30% sucrose in 0.01 M PBS (pH 7.4) at 4C overnight. Then, the segments were placed in optimal cutting temperature (OCT) compound embedding medium (Tissue-Tek; Miles, Elkart, IN) and 8 μm frozen sections were obtained transversely using a cryostat (Leica CM1900; Bannockburn, IL), followed by thaw-mounting on poly-L-lysine-coated slides (Sigma). For IHC, the sections were blocked with 10% normal goat serum (NGS) in 
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For cells with regular shapes, such as leukocytes and microglia, we evaluated them quantitatively using the number of positive cells. For irregularly shaped cells, such as neurons and astrocytes, we evaluated them quantitatively using cell fluorescence density. For determining the cell fluorescence density, the multiplecolor channels in immunofluorescence-labeled images were split by running Image−>Color−>Split Channels. The images of different channels were converted to 8-bit grayscale. Then, the semi-automated cell density measuring was performed according to Drury's method. 18 Briefly, cells were identified using a manual threshold (Image−>Adjust−>Threshold) followed by running Process−>Binary−>Watershed to generate a visual array in which each cell was colored white and the non-cellular material black. Select the region of interest using the drawing tools. Select "set measurements" from the Analyze menu and make sure "Area," "Integrated density," and "Limit to threshold" are selected. Select Image−>Adjust−>Threshold to make the cells in the picture just all is selected. Select "Set Scale" from the analyze menu, and enter "pixels" in the box on the edge of "Unit of length." Finally, select "Measure" from the analyze menu. A popup box with a stack of values will be seen. In the popup box, IntDen is the abbreviation of "integrated density," which means the sum over all calibrated pixel values. The value of IntDen divided by the area to be analyzed indicates the fluorescence density of the cell to be measured. The cell number or fluorescence density was calculated by 2 blinded observers in a set of 5 sections, from rostral to caudal in cross-sections of 1 cm spinal cord containing the injury epicenter.
Statistical Analyses
Statistical values are presented as mean ± SD. Normal distribution was analyzed to justify the ANOVA can be used. The data were analyzed using two-way ANOVA, followed by Bonferroni post hoc test for comparisons between groups. Statistical differences were considered significant at p<0.05.
Results
Histopathological Changes After SCI
To observe the histopathological changes after SCI, H&E staining was performed. As shown in Fig. 1 , in spinal cord transverse sections of sham group, the gray matter and white matter were complete. However, in the contusion groups (1, 3, 7, 14 , and 28 dpi), we could find the loss of neurons and glias in the injury epicenter and a rim of peripheral spared white matter. There were also a large number of infiltrated inflammatory cells in the injury epicenter. In addition, the boundary between the injury center and the peripheral residual tissue gradually became clear with the extension of injury time. These were the typical histopathological changes of the SCI contusion model in rats. 
The mRNA Expression of IFITM1 in Injured Spinal Cord Tissue
The mRNA expression of IFITM1 in the injured spinal cord was analyzed by real-time RT-PCR. As shown in Fig. 2 , the mRNA expression of IFITM1 could be detected in the tissue samples from each group. However, tissue samples from the injured groups had higher mRNA expression as compared with the sham group (p<0.01). There was also significant difference among the injured groups: the IFITM1 mRNA levels in 7 and 14 dpi were significantly higher than those in any other groups (p<0.01); the levels in 3 and 28 dpi groups were also significantly higher than that in 1 dpi group (p<0.01).
Expression of IFITM1 Protein in Injured Spinal Cord Tissue
The expression of IFITM1 at the protein level in sham and injured spinal cords was detected by western blot. As shown in Fig. 3 , there was weak expression of the IFITM1 protein in the sham-opened group. After SCI, it gradually increased, reached a peak at 7 and 14 dpi; although it was decreased up to 28 dpi (the longest time evaluated in this study), it still maintained at a higher level. The statistical graph showed that the IFITM1 protein levels in all injured groups were significantly higher than those in the sham-opened group (1 and 28 dpi vs. sham: p<0.05; 3, 7, and 14 dpi vs. sham: p<0.01). The IFITM1 protein levels in 3, 7, and 14 dpi were also significantly higher than those in the other three groups (p<0.01). There were no significant differences between the 7 and 14 dpi groups (p>0.05), but there were significant differences among 3 dpi, 7 dpi, and 14 dpi groups. The levels in 7 and 14 dpi were significantly higher than that in the 3 dpi group (p<0.05).
Cellular Localization of IFITM1 in Injured Spinal Cord Tissue
To further address the cellular localization of IFITM1 in the spinal cords, double-immunofluorescence staining of IFITM1 and the other cell markers was used in transverse cryosections of spinal cord tissues.
Because a large number of neurons and oligodendroglia were lost in the injury center, we used the sections 5 mm distance from the injury center to colocalize them with IFITM1. The sections within 1 mm distance from the injury center were used for colocalization of IFITM1 with the other cells. Because different types of cells are distributed in different regions, to clarify the co-localization of IFITM1 with them in cross-sections, different regions were chosen. GFAP and APC were viewed at peripheral white matter in the sham group, and white matter spared near the injury epicenter in SCI groups. CD45 and CD68 were viewed at the white matter adjacent to the gray matter in the sham group, and white matter in the injury epicenter. NeuN was viewed at white matter in all groups. The results showed that IFITM1 was found in GFAP + (Fig. 4) and APC + (Fig. 5 ), but not NeuN + (Fig. 6 ) cells in the sham-opened spinal cords. No CD45 + (Fig. 7 ) and CD68 + (Fig. 8 ) cells were found in the sham-opened spinal cords. After SCI, in addition to GFAP + (Fig. 4) and APC + (Fig. 5 ) cells, IFITM1 could also be almost found in both CD45 + (Fig. 7 ) and CD68 + (Fig. 8) (Fig. 8) had similar trends. They were gradually increased after injury, reached the peaks at 7 dpi, and maintained at higher levels for up to 28 dpi (p<0.05 or 0.01).
Discussion
In this study, we performed an SCI model in adult Sprague-Dawley rats and investigated the expression pattern of IFITM1 after injury. Quantitative RT-PCR, western blot, and IHC analysis revealed that IFITM1 could be detected in sham-opened spinal cords. After SCI, it gradually increased, reached a peak at 7 and 14 days postinjury (dpi); although it . Co-localization of IFITM1 with CD45 in spinal cords after SCI. Representative images of CD45 (green) and IFITM1 (red) immunostaining in the spinal cords of sham-opened, 1, 3, 7, 14, and 28 dpi. The nuclei were counterstained by using Hoechst 33342 (blue). The lower statistical graphs show the number of CD45 + IFITM1 + and CD45 + IFITM1 + cells in sham and injured spinal cords at 1, 3, 7, 14, and 28 dpi. The micrographs were located at white matter adjacent to the gray matter in sham group, and white matter in the injury epicenter of the cross-sections within 1 mm distance from injury center in SCI groups. Scale bars = 20 μm. Abbreviations: IFITM1, interferon-induced transmembrane protein 1; SCI, spinal cord injury; dpi, days postinjury. Data represent the mean ± SD (n=6). **p<0.01, *p<0.05 (ANOVA).
was decreased up to 28 dpi (the longest time evaluated in this study), it still maintained at a higher level compared with the sham-opened group. These results demonstrated that IFITM1 is expressed at the protein level with a spatiotemporally increasing pattern in the spinal cords of sham-operated and injured animals.
In the normal adult spinal cord, the resident cells mainly include astrocytes, neurons, microglia, and oligodendroglia. 19, 20 After SCI, there are functional changes of resident cells and the infiltration of leukocytes in the lesion microenvironment. [21] [22] [23] [24] [25] These activated cells can produce interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, and other acute-phase cytokines.
26-28 Therefore, we speculate that the increased expression of IFITM1 in the injured spinal cords might be induced by some of these acute-phase cytokines. Next, we used NeuN, GFAP, APC, CD68, and CD45 to label neurons, 29 , and APC + cells. Although, some literature reported that IFITM1 can be found in CD45-positive inflammatory cells, CD68-positive macrophages/activated microglia, and astrocytes, [34] [35] [36] there were no reports about its expression in normal and injured spinal cords. In the present study, for the first time to our knowledge, we report that IFITM1 is mainly expressed in astrocytes and oligodendroglia in normal spinal cords, and could rapidly increase in infiltrated leukocytes, activated microglia, and astrocytes after SCI. The results of qRT-PCR and western blot showed that in the subacute phase of SCI (7 and 14 dpi), the level of IFITM1 expression is the highest. These results are consistent with the changes of cell types, quantity, and function in the lesion microenvironment, because both leukocyte infiltration and glial activation are peaked at the subacute phase of SCI. 17, [37] [38] [39] This suggests that the increased expression of IFITM1 may be related to the interferon pathway in infiltrated leukocytes, activated microglia, and astrocytes in the neuroinflammation and neurodegeneration. [40] [41] [42] In summary, our results demonstrate that IFITM1 is mainly expressed in astrocytes and oligodendroglia in normal spinal cords, and could rapidly increase in infiltrated leukocytes, activated microglia, and astrocytes after SCI. These data suggest that IFITM1 may be involved in the pathological process of SCI through the interferon-related signal pathway and is a potential target for treatment of SCI.
